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Abstract
Evidences for paleoearthquake induced liquefaction features in the Central Western Argentina were determined in the Acequión 
river valley. Well-preserved liquefaction structures were found in a Holocene lake dammed by rock avalanches. At least ﬁve 
paleoearthquakes affected this region during the Pleistocene-Holocene according to the temporal sequence established for these 
seismic structures and the rock avalanches recognized in the Acequion river. The magnitude of these triggering paleoevents and 
probable seismic source are analysed and discussed, concluding that liquefaction features and rock avalanches should be generated 
by M>5 earthquakes related to the nearby Cerro Salinas Fault belonging to Precordillera Oriental fault system. These ﬁndings allow 
us to extend the record of moderate to high magnitude-earthquakes to the Pleistocene-Holocene.
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Resumen
Se reconocieron en la quebrada del río Acequión ubicada en la región centro-oeste de la Argentina, numerosas evidencias de la 
ocurrencia de paleoterremotos generadores de estructuras de licuefacción y fenómenos de remoción en masa. Estas estructuras de 
licuefacción se ubicaron en un lago de edad Holocena originado por una avalancha de rocas. Según la sucesión temporal establecida 
para estas estructuras sísmicas y asumiendo un origen sísmico para la avalancha de rocas, por lo menos cinco paleoterremotos ha-
brían afectado esta región durante el Pleistoceno-Holoceno.
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with a SE direction the Cambro-Ordovician calcareous 
rocks of the Sierra de Pedernal. This range represents the 
southern portion of the Precordillera Oriental geological 
province which is considered a long, west verging thin 
skinned fold-thrust belt in which Paleozoic, Triassic and 
Cenozoic rocks form the eastern foothills of the Andean 
Cordillera (Fig. 2b).
The Precordillera Oriental geological province has an 
asymmetric proﬁle, with a narrower and steeper ﬂank 
on the western border, and a moderate eastern ﬂank 
with extended slopes (Fig. 2c). This asymmetric proﬁle 
is also observed in both piedmonts. The western one is 
2 km wide with slopes between 20º and 25º, while the 
eastern one is 10 km wide with slopes between 5º and 7º 
(Bastias et al., 1990, Martos, 1999, Perucca and Paredes, 
2004). Although it is possible to recognize geomorpho-
logic features such as antislope scarps in both piedmonts, 
the current preservation of these features and the number 
of faults is quite different. While in the western foot-
hills the scarps are scarce, discontinuous and affect only 
Pleistocene deposits, in the eastern piedmont the scarps 
are parallel and face to the West, affecting different allu-
vial fans, pediment levels, and Holocene ﬂuvial terraces 
(Fig. 2c). These faults stretching for approximately 150 
km along a North-South trend is known as Precordillera 
Oriental fault system, an east dipping reverse fault sys-
tem composed of several fault segments (Ortiz and Zam-
brano, 1981). This fault system was the responsible of the 
earthquake of January 15th 1944 (Ms 7.4). This seismic 
shock is considered the most signiﬁcant natural disaster 
in Argentine history (see Figure 1c).
The Cerro Salinas fault, belonging to the Precordillera 
Oriental fault system, is a fault zone consisting on sev-
eral faults segments affecting the western ﬂank of an an-
ticline (Ramos et al., 1997). This fault zone exposes the 
westernmost outcrops of the Sierras Pampeanas base-
ment at this latitude. This fault zone deﬁnes the boundary 
between the Pampean broken foreland and the Precor-
dillera fold-thrust belt. Ortiz et al. (1975) noted that this 
fault zone is a Precambrian basement rock core thrusting 
over Quaternary deposits.
Vergés et al., (2002) mentioned the Cerro Salinas struc-
ture, formed by a monocline front developed above a 
West vergent - East deeping crustal ramp, begun its activ-
1. Introduction
The active seismicity of the Andean backarc in the 
Central Western Argentina is related to the Pampean 
ﬂat-slab segment of the Nazca Plate (between 28ºS and 
33ºS) (Stern, 2004), whose activity initiated 8-10 My ago 
(Fig. 1a) (Jordan and Gardeweg, 1987; Kay et al., 1991). 
Central-Western Argentina region is characterised by an 
intense shallow seismic activity (5 to 50 km in depth) 
(Smalley and Isacks, 1990; Suarez et al., 1983), but a 
moderate to high activity also exits between 90 and 150 
km (INPRES, 1993) (Fig. 1b). According to Costa et al. 
(2000), 80% of Quaternary deformation in the Argentina 
is concentrated in this region. 
Central Western Argentina, comprising San Juan and 
Mendoza provinces, which capital cities are located 300 
km eastern of the convergence boundary, has been affect-
ed by at least 8 destructive earthquakes (Ms≥6.3) during 
the last 300 years (Fig. 1c). These earthquakes caused the 
most severe damages and secondary effects such as land-
slides and liquefaction phenomena (Bodenbender, 1894; 
Harrington, 1944; Loos, 1926, 1928; Lünkenheimer, 
1929; Moreiras, 2006, Perucca and Moreiras, 2006). 
The paleoseismicity of a region can be analysed recog-
nising the earthquake-induced effects preserved through 
the geological record and applying empirical relations 
based on extension of surface rupture or displacement 
(Obermeier et al. 2001). In this study, both methods were 
carried out on liquefaction features identiﬁed in two Qua-
ternary (Pleistocene-Holocene) paleolake sequences re-
sulting from the damming of the Acequión river due two 
ancient rock avalanches. Deformation structures occur 
close to an active Quaternary fault system located in the 
nearness. Determination of both earthquake magnitude 
and possible seismogenic structures have been carried 
out from the study of these soft-sediment deformation 
structures here interpreted as seismites.
2. Tectonic setting
The Acequión river valley is located 120 km south of 
San Juan City (San Juan province, Argentina) at 32º 15’ 
S and 68º 45’ W in Central-Western Argentina (Fig. 2a). 
The Acequión river is a permanent stream that crosses 
 Se discute además, la magnitud de estos paleoeventos y la probable fuente sismogénica, concluyendo que las estructuras de licue-
facción y las avalanchas de roca deben haberse generado por terremotos de M>5 relacionados a la falla del Cerro Salinas, ubicada a 
escasos kilómetros al oeste, la cual pertenece al sistema de fallamiento Precordillera Oriental.
Los resultados obtenidos en esta porción del territorio argentino, permiten extender el registro de terremotos de magnitud mode-
rada a alta,  al Pleistoceno-Holoceno.
Palabras clave: lacustre, licuefacción, avalancha de roca, magnitud del terremoto, falla del Cerro Salinas, Precordillera Argentina.
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Fig. 1.- a) Geographical location map of the studied area and the Nazca and South American plates. b) Seismicity of Argentine, Ms>5 earthquakes 
since 1973 (Depth 0-30 km) (Modiﬁed from NEIC, 2006) and West- East seismic cross-section (A-A’) between 28° and 33º 30’ SL (Modiﬁed 
from INPRES, 1993). c) Main historical earthquakes (Ms≥6.3) in the study area neighboring  
Fig. 1.- a) Mapa de ubicación del área de estudio y de las placas Nazca y Sudamericana. b) Sismicidad de la Argentina, terremotos de magnitud 
M>5 desde 1973 (Profundidad 0-30km) (Modiﬁcado de NEIC, 2006) y perﬁl sísmico transversal Oeste-Este (A-A’) entre los 28º y 33º 30’LS 
(Modiﬁcado de INPRES, 1993). c) Principales terremotos históricos (Ms≥6.3) ocurridos en la región
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Fig. 2.- a) Geographical location and tectonic framework 
of the Precordillera Central and Oriental Geologic prov-
inces. b) Location of the study area, rock avalanches 
and Quaternary faults. 
Fig. 2.- a) Ubicación geográﬁca y esquema tectónico de 
las Provincias Geológicas Precordillera Central y Ori-
ental. b) Ubicación del área de estudio, avalanchas de 
roca y fallas con actividad tectónica cuaternaria.
a
b
ity during the Late Miocene continuing until very recent 
times indicated by various faulted and folded alluvial ter-
races. Martos (2002) working on these deposits settled 
on at least four reactivations of the Cerro Salinas fault 
system during the Holocene with a mean recurrence of 
2500 years. This author also determined the probably 
maximum magnitude of these earthquakes was Ms 6.7. 
Most recent activity of this system fault was related to the 
Ms 7 earthquake occurred on June 10th 1952, although 
no evidence of surface rupture had been found (Tello and 
Perucca, 1993). After this earthquake, several secondary 
effects like ﬁssures, liquefaction phenomena, and land-
slides were identiﬁed in nearby areas to the epicentre.
According to mentioned above, the active Cerro Salinas 
fault zone, located 18 km Eastern of the study area, is the 
most likely source area, for at least 3 of the 5 paleoearth-
quakes established in this study. 
3. Liquefaction features and rock avalanches
Two rock avalanches dammed the Acequión river caus-
ing associated lakes. The older paleolake had an exten-
sion of 6 km2; whereas the younger covered a smaller 
area (Fig. 3). In the former, the water level reached to 
1,250 m a.s.l. in altitude and its lacustrine sequence has 
25 m in thickness (Fig. 4a). Organic matter (especially 
plants) collected in the basal levels of the paleolake was 
radiocarbon dated in 15,540 ±370 14C BP and a piece of 
wood found in the basal levels of the younger paleolake 
related to RA-2 rock avalanche was radiocarbon dated 
too given an age of 7,497±157 14C BP. 
Both paleolake sequences are constituted by brownish 
ﬁne grained sediments where sand - clay levels are in-
tercalated. The sediments of the younger paleolake, that 
reached an altitude of 1200 m a.s.l. (Fig. 4a), are well 
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exposed in the El Mono gully. They consist of poorly 
consolidated sandstones and alternating silt-clayed lay-
ers with a total thickness of 10 m. The sandy layers are 
thicker on the west side of the El Mono and South gullies, 
whilst towards the East interbedded clay, silt and thin cal-
careous layers predominate (Fig. 4b).
Deformed lacustrine deposits of Holocene paleolake are 
covered by gravels (Paredes and Perucca, 2000) which 
have been correlated along the studied area. This alluvial 
sequence constitutes the limit between both lakes.
 Many liquefaction features were observed along the 
creeks eroded within the sediments of the Holocene pale-
olake related to the RA-2 rock avalanche. These struc-
tures, initially mentioned by Paredes and Perucca (2000), 
are described in detail in this study regarding their main 
characteristics and distribution.
Sand dikes and diapirs were identiﬁed at several levels 
of the stratigraphic succession of the lacustrine sediments 
Fig. 3.- Schematic map of the Acequión area 
showing inferred borders of paleo-lakes, dis-
tribution of liquefaction features, and location 
of rock avalanches.
Fig. 3.- Mapa esquemático del area Acequión 
mostrando los límites inferidos de los paleo-
lagos, la distribución de las estructuras de li-
cuefacción y la ubicación de las avalanchas de 
roca.
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related to RA-2 rock avalanches, particularly in the El 
Mono creek (Fig. 5 a,b). A network of dikes made up of 
large sand intrusions linked with small ones is frequently 
observed. The upward motion of sand is supported by the 
fact that major dikes are rooted in a basal sand bed and 
contiguous conﬁning layers show upward bending.
In general, these sand dikes have irregular form, from 
1m to 4 m thick and up to 4 m high. Figure 6 shows one of 
the larger sand dikes, in which a 3.6 m wide feeder chan-
nel and areas of accumulation of angular clasts originated 
from sidewall material (silty-clay) are visible. The clastic 
material is oriented in an upward direction, parallel to the 
border. Towards the top of the structure, a cap composed 
by gravel and sand is visible, accompanied by smaller 
sand dikes of similar characteristics and faults.
Due to the low cohesion of the injected material, fre-
quent collapses along liquefaction structures are observed 
along the creeks. In some cases, only the mould of the 
feeding channel and cone has remained.
The thickness of the sand dikes decreases toward the 
East of the El Mono gully, where the thickest sand dikes 
(less than 0,1m wide) were found.
Several sand injection structures combined with sills, 
slumps, and faults are recognized too. As Figure 5a shows, 
a
b
Fig. 4.- a) Upper photograph shows a panoramic view 
of the two lacustrine sequences and the location of El 
Mono and South gullies. b) Vertical stratigraphical sec-
tion of the lacustrine sequence in El Mono gully.
Fig. 4.- a) La fotografía superior muestra una vista pan-
orámica de las dos secuencias lacustres y la ubicación 
de las quebradas El Mono y Sur. b) Sección estratigrá-
ﬁca de la secuencia lacustre holocena en la quebrada 
El Mono. 
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the sand injections look like diapiric domes, sometimes 
rounded and some others conical. The sand is not very 
cohesive, with mid-size well classiﬁed grains. No internal 
structures can be identiﬁed and contacts with the sidewall 
are mostly irregular. In the lower section of the intrusion, 
there is a high concentration of clasts with sizes ranging 
from 30 cm to 40 cm long and 15 cm wide.  
Several lacustrine levels display disrupted lamination 
and other kinds of convolute bedding forming recumbent 
or isoclinal folds along the El Mono gully. The upper 
contact of these layers with the overlying strata is nearly 
ﬂat, indicating that the internal ﬂow within the sand layer 
caused convolutions. Towards the top of the sequence, 
dish structures were observed with irregular, rounded cal-
careous nodules ﬂoating in a sand matrix (Fig. 7). 
Paredes and Perucca (2000) recognized numerous liq-
uefaction features like sand dikes in a natural trench lo-
cated in El Mono gully (Fig. 8a). They observed too a 
vertical thin sand dike that intrudes a deposit of interbed-
ded silty clay and silty sand in the South gully (Fig. 8b). 
The dike is about 10 cm wide and it is composed of ﬁne 
sand and silt.
Three clastic dikes ﬁlled with mud (Fig. 3) were recog-
nized between the two rock avalanches, The ﬁll material 
is homogeneous in composition and the dikes range in 
thickness from about 5 to 7 cm and in length from 2 to 
4m. The dikes are tabular and nearly vertical.  
Lake deposits are also cut by numerous faults, most of 
them normal. The faults have variable orientations, but 
they strike generally north-south and dip to the west and 
Fig. 5.- Photographs and schemes 
in El Mono gully showing 
some liquefaction features.- a 
- sand diapir and slumps, b.- 
Sand dike affecting the upper 
level of alluvial gavels.
Fig. 5.- Fotografías y esquemas 
en la quebrada El Mono que 
muestran algunas estructuras 
de licuefacción. a- Domo di-
apírico de arena y estructuras 
en slump, b- Dique de arena 
que afecta el nivel superior de 
gravas aluviales
a
b
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east alternatively. The dip-slip displacement on the faults 
ranges from a few centimeters to 1m.   
4. Spatial distribution and probable sequence of liq-
uefaction structures
Even through, sand dikes are broadly spread out in 
Holocene lake sediments related to RA-2 rock ava-
lanche, the most spectacular structures are found along 
the El Mono gully. The width of these structures is vari-
able from 10 cm to 4 m wide, anyway the thinner ones 
predominate. Moreover, sand dikes width and their 
quantity increase toward the East; they are particularly 
abundant and thicker near the Boca del Acequión place. 
Other deformation structures identiﬁed in this Holocene 
lake sequence, such as large domes, dishes, joints, and 
sand-ﬁlled ﬁssures, also increase in size towards East. It 
is notable that liquefaction structures were not found in 
the west sector of this paleolake, neither in northern and 
southern gullies eroded on these deposits. These observa-
tions suggest that the seismic source may have been lo-
cated in that direction because sand dikes become thinner 
with greater distance from the epicentre (Munson et al., 
1995; Obermeier, 1998). 
Moreover, Paredes and Perucca (2000) analysing the 
relationships among sand dikes identiﬁed along the El 
Mono and South gullies, thus establishing the temporal 
sequence of these liquefaction features, determined at 
least three paleoearthquakes. The ﬁrst paleoearthquake is 
related to a dike called Oriental dike (Fig. 8 a) that was 
Fig. 6.- Photograph and scheme of 
the thick sand dike containing 
clasts of sidewall material (silt-
clay) observed in the El Mono 
gully. The upper level of gravel 
material is disturbed too. The 
liqueﬁed sand layer shows ﬂow 
structures indicating upward in-
jection of sand-ﬁlled clastic dike.
Fig. 6.- Fotografía y esquema del 
dique ancho observado en la que-
brada El Mono. El dique contiene 
clastos del material de la roca en-
cajante (limoarcillosa). El nivel 
superior constituido por gravas 
aluviales también está disturbado. 
La capa de arena licuefactada 
muestra estructuras de ﬂujo que 
indican la inyección del material 
arenoso hacia arriba. 
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subsequently intruded, and tilted, by another dike called 
Occidental dike that should be linked to a latter seismic 
event. It was note that thicker strata overlaying lake sedi-
ments were not affected by these structures. These struc-
tures were located in the El Mono gully.
A new paleoearthquake may have caused the so-called 
Narrow Dike, situated in the South gully, which cut 
across the two previous sequences present in the area and 
a cyneritc level indicating a third paleoevent later to the 
alluvial conglomerate depositation (Fig. 8b). Relation-
ship among these sand dikes studied in this paper, cor-
relates well with ﬁndings from previous works.
Temporal sequence for further structures could not be 
determined because they are not always in contact or in a 
clear relation as the case presented above.
5. Paleoearthquake magnitude estimation
The aim of this study was to determine the character-
istics of paleoearthquakes related to liquefaction features 
identiﬁed in two quaternary paleolake sequences result-
ing from the dam of the Acequion river by two ancient 
rock avalanches. 
Several exposed proﬁles resulting from the erosion of 
lacustrine sequences were studied in detail for identiﬁca-
tion of liquefaction structures and faults. Analysing these 
features interrelations, a sequence of paleoearthquakes 
was determined. 
It is usually assumed that the size and spatial distribu-
tion of liquefaction features reﬂect the source region of a 
paleoearthquake and the regional distribution of similar-
age features is thought to represent the area where strong 
ground shaking would be felt and the largest liquefaction 
features deﬁne the epicentral area of a paleoearthquake 
(Tuttle, 2001).
Moreover, the width of sand dikes was analysed for de-
termining the probable seismic source of this paleoearth-
quakes, as it is known that sand dikes become thinner as 
the distance from the epicentre increases. For example, 
the range of liquefaction effects originated during the 
1886 Charleston earthquake (Ms 7.2) was used in com-
bination with the sizes of liquefaction features to demon-
strate that previous events had been at least as strong as 
that of 1886 (Obermeier, 1996). In the Wabash Valley of 
Indiana Illinois, Munson et al., (1995) and Obermeier, 
(1998) used these relationships to demonstrate that some 
of the prehistoric earthquakes occurred in this region ex-
ceeded Ms 7. 
Furthermore, magnitude of these triggering pre-historic 
earthquakes was estimated by different methods what 
vary widely in their basic approaches, thus allow an inde-
pendent assessment. The earthquake magnitude has been 
estimated using the magnitude bound method based on the 
relationship between earthquake moment magnitude and 
the farthest distance from the seismic source to the lique-
faction zone. This was carried out assuming that seismic 
source was the Cerro Salinas fault related to Precordillera 
Oriental fault system because this one affects Holocene 
deposits. Equations established by Allen (1986) (eq. 1) 
and Ambraseys (1988) (eq. 2) were considered. These 
authors determined the relationship between maximum 
epicentral distance (Re) between epicentre and liquefac-
tion features analysing earthquake-triggered liquefaction 
structures around the world. Initially, Allen (1986) using 
the empirical relationships established by Kuribayashi 
and Tatsuoka (1975) derived the following equation:
Fig. 7.- Photograph and scheme showing silt and clay nodules and 
dish structures within a sand matrix. The natural trench is located 
in the North gully. 
Fig. 7.- Fotografía y esquema mostrando nódulos de limo y arcilla 
dentro de una matriz arenosa. La trinchera natural se localiza en la 
quebrada norte.
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 M= 0.499 ln (X/3.162x10-5)  (eq. 1)
Where (M) is the earthquake moment magnitude and 
(X) is the maximum epicentral radius in kilometres. Then, 
Ambraseys (1988) proposed the following equation:
M = - 0.31 + (2.65x10-8 R
max
) + (0.99 log R
max
)           (eq. 2)
Where (M) is the earthquake magnitude moment and 
(R max) is the maximum epicentral distance from lique-
faction in cm. Furthermore, magnitude of the paleoearth-
quakes related to liquefaction phenomena was also de-
termined in relation with fault length based on Wells and 
Coppersmith (1994) empirical relationships:
M = a + b x log (SRL)
Where (M) is the earthquake magnitude moment and 
(SRL) is the surface rupture length, (a) and (b) are coef-
ﬁcient and standard errors. 
The length of rupture fault at the surface can be corre-
lated with earthquake magnitude by using the equations 
proposed by these authors. Estimates of the Moment 
magnitude  of a prehistoric or future earthquake associ-
ated with a fault can be made by correlating M with the 
logarithms of rupture length, that were measured using 
maps and images.
6. Discussion 
Liquefaction features are mainly generated by earth-
quake shaking (Youd, 1978; Allen, 1975; 1986; Seed 
1979, Seed et al., 1983). Atkinson (1984) mentioned 
that earthquake of magnitude 5 can produce liquefaction 
processes when suitable conditions exist. Nevertheless, 
similar structures can be created by non-seismic mecha-
nism, for that reason, Obermeier et al. (1993) established 
several conditions required to assign a seismic origin to 
these structures, such as:  
• A strong, sudden hydraulic force directed upwards 
should be identiﬁed.
• Liquefaction features must have characteristics rec-
ognizable with historical observations of earthquake-in-
duced liquefaction.
• Sedimentary environment in which the structures 
originated should be saturated in water.
• Structures must occur at multiple locations in a broad 
area with similar geologic settings.
Fig. 8.- a) Scheme of dike with two branches of clastic dikes, the sandy gravel layer and the clay clasts of the sidewall located at the El 
Mono gully, and b) Narrow dike scheme observed in the South gully (after Paredes and Perucca, 2000).
Fig. 8.- a) esquema del dique con dos ramas de diques clásticos, la capade grava arenosa y los clastos de arcilla del lateral localizado en 
la quebrada de El Mono, y b) Esquema del dique estrecho observado en la quebrada sur (según Paredes y Perucca, 2000) 
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All of these conditions could be determined in the study 
area. Firstly, as was mentioned before, liquefaction phe-
nomena, as well as many landslides, were generated dur-
ing earthquakes with M >6.3 occurred during the 19th and 
20th centuries in San Juan and Mendoza provinces (Bod-
enbender, 1894; Harrington, 1944; Loos, 1926, 1928; 
Lünkenheimer, 1929; Perucca and Moreiras, 2006). Fur-
thermore, in the Holocene dammed-lake sequence related 
to RA-2 rock avalanches, that had to be water saturated, 
the liquefaction structures were observed in an extensive 
area. Although slumps are not structures that can be in-
terpreted as seismites per se, their abundance and prox-
imity to the probable seismogenic source may evidence 
the tectonic instability of the area and a seismic source. 
Moreover, these structures are also associated with sand 
dikes and faults which validates our assumption. Exam-
ples of pseudo-nodules and dish structures seismically 
generated have been previously reported by Rodriguez 
Pascua (1997).
Afterward, at least three triggering paleoearthquakes 
affected the Holocene lake consistently with the temporal 
sequence established in the El Mono gully for the called 
Oriental, Occidental and, in the South gully the Narrow 
dike, what was previously noted by Paredes and Perucca 
(2000). Moreover, it is very likely that the RA-1 and RA-2 
rock avalanches had a seismic origin as the occurrence of 
rock avalanches in the Argentine Andes has been mainly, 
if not exclusively, related to high magnitude earthquakes 
(Wayne, 1999; Hermanns et al., 2001; Hermanns et al., 
2005; Moreiras, 2006). This matches with the regional 
tectonic framework, the presence of Quaternary faults 
east of the Precordillera Oriental, and the presence of the 
liquefaction features in paleolakes. For that reason, we 
presumed that paleoearthquakes affecting this region dur-
ing Quaternary should be at least 5.
The study of seismites is very important to reconstruct 
the paleoseismic history of a region determining the seis-
mic nature of the observed features, as well, the magnitude 
and date of the earthquake (Michetti et al., 2005). In this 
sense, rock avalanches have been widely linked to high 
magnitude earthquakes (Keefer, 1984, 1987), but they are 
worst signal of source seismic area because earthquake 
triggered-landslides can be related to a far epicentre. But, 
liquefaction features are generally related to close seismic 
source area so they better signal. The most useful char-
acteristic for determine the probable seismic source area 
is the width of sand dikes and the size of the associated 
structures. So, magnitudes of paleoearthquakes can been 
estimated in other areas by noting the regional extent and 
size of liquefaction features and comparing these data to 
known earthquakes in similar settings (Munson et al., 
1995; Obermeier, 1994; 1998). These authors used this 
kind of information to arrive at estimates of earthquakes 
strengths in the Wabash Valley of southern Indiana and 
Illinois 
The ﬁeld observations reveal that the thickest 4 m-wide 
sand dikes and the main structures are exposed near the 
Boca del Acequión in the eastern border of the Holocene 
lake. At the same time as, the width sand dikes decreas-
es towards the Western border suggesting that the seis-
mogenic source should have been located Eastern of the 
study area. It is usually assumed that the size and spatial 
distributions of liquefaction features reﬂect the location 
of the source region of a paleoearthquake (Tuttle, 2001). 
Moreover, the seismogenic source was likely located 
near from the Acequión river as the width of sand dikes 
indicates. 
Then, knowing the location of the energy centre, the 
paleoearthquake magnitude can be estimated using the 
distance to energy centre (Re) (Obermeier and Pond 
1999; Obermeier et al. 2001). Thus, assuming that lique-
faction features in the Acequión region were formed dur-
ing Holocene activity of the Cerro Salinas fault system, 
the minimum magnitude of triggering earthquake was es-
timated independently following equations eq. 1 and  eq. 
2 established by Allen (1986) and Ambraseys (1988), re-
spectively. According to the former, the minimum magni-
tude of paleo-earthquakes linked to liquefaction features 
should have been M>6.6 when considering the maximum 
distance (Re=18 km) between seismites and the nearest 
possible seismic source (Cerro Salinas fault). Then, using 
the equation proposed by Ambraseys (1988), the mini-
mum magnitude of paleoearthquakes results M >5.9. Be-
sides, empirical equations obtain a minimum magnitude 
ranging Ms 6.3 to Ms 6.7 when Wells and Coppersmith 
(1994) equations are used.
The empirical relationship between an earthquake 
magnitude and the distance between the liquefaction 
structures to the earthquake epicentre has been widely 
discussed. Seed (1968) determined that M 6 earthquake 
generates seismites 9 km around the epicentre, while M 7 
earthquakes could generate liquefaction structures within 
a radius of 70 km. Then, Audemard and De Santis (1991) 
established that liquefaction structures can be found up 
to 25 km from the epicentre for earthquakes with magni-
tudes 5 to 5.7. More recently, Obermeier et al. (1993) and 
Moretti et al. (1995) noted liquefaction within a 40 km-
radius and 100 km-radius from the epicentre generates 
with M 6 and M 8 earthquakes, respectively. Moreover, 
the expected maximum distance (Re) can be even great-
er in some particular cases, such as in the 1977 Caucete 
earthquake (Ms 7.4) affecting the San Juan province and 
the north of Mendoza province (Perucca and Moreiras, 
2006). In this catastrophic event, liquefaction features 
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were identiﬁed within an area of about 4,000 km2 and 
severe damages were observed 260 km far from the epi-
centre.
Minimum magnitudes estimated by the different empir-
ical methods for paleoearthquakes related to liquefaction 
structures are consistent. As well, these minimum values 
are similar to those established by historical records (Ms 
6.3) (Perucca and Moreiras, 2006). In addition, rock ava-
lanche occurrence is usually associated with high mag-
nitude earthquakes. According to Keefer (1984, 1987), 
at least an M 6 earthquake is required to generate such 
complex landslides. However, we have to consider that 
magnitudes could be greater if a distant seismogenic area 
is proposed for paleoearthquakes related to liquefaction 
structures, as magnitudes estimated empirically in this 
work are based on assumption of the Cerro Salinas fault 
system was the seismic source area.
The present study allow to extend to the Holocene the 
high magnitude paleosismicity of the region as lake liq-
uefacted sediments were dated ca. 7497±157 years 14C 
BP. Moreover, concluded that seismic source should be 
the Quaternary Cerro Salinas fault system with recent 
seismic activity recorded during the earthquakes of 1944 
and 1952, and likely to further future reactivations. 
7. Conclusions
The identiﬁcation of earthquake secondary effects along 
the Acequión river allows to analysed the paleoseismity 
of the study area. 
During historical earthquakes occurred in the region 
during past 100 years, landslides and liquefaction effects 
were among the most widespread and most spectacular 
results of seismic shakes, suggesting that a paleoseismic 
origin is likely for the two rock avalanches recognized in 
the area of study.
So, at least ﬁve high magnitude paleoearthquakes are 
estimated through the occurrence of two rock avalanch-
es (RA-1 and RA-2) and the relation of three pulses of 
liquefaction structures exposed in a paleolake sequence 
dammed by the younger rock avalanche (RA-2).
Moreover, the Quaternary Cerro Salinas fault zone, N-
S trending fault located 20 km from the study area, is sug-
gested as the seismic source of these paleo-earthquakes 
in accordance with characteristics and distribution of liq-
uefaction features. Then, magnitude of paleoearthquakes 
is analysed considering minimum magnitude require for 
triggering identiﬁed secondary effects and empirical rela-
tions. Earthquakes M >5.5 (epicentral radius less than 25 
km) were obtained by the two approaches. 
In addition, the Holocene age determined for a basal 
level of the younger lake related to the liquefaction phe-
nomena, and the correlation of the ash layer overlaying 
older dammed lake related to RA-1 rock avalanches with 
previous dated Upper Pleistocene, extend the paleoseis-
micity to the Quaternary.
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